We used genus/species specific PCRs to determine the temporal persistence of host DNA in Triatoma infestans experimentally fed on blood from six common vertebrate species: humans, domestic dogs, guinea pigs, chickens, mice, and pigs. Twenty third or fourth instar nymphs per animal group were allowed to feed to engorgement, followed by fasting-maintenance in the insectary. At 7, 14, 21, or 28 days post-feeding, the midgut contents from five triatomines per group were tested with the respective PCR assay. DNA from all vertebrate species was detected in at least four of five study nymphs at seven and 14 days post-feeding. DNA of humans, domestic dogs, guinea pigs, pigs, and chickens were more successfully detected (80-100%) through day 21, and less successfully (20-100%) at day 28. Findings demonstrate that species-specific PCRs can consistently identify feeding sources of T. infestans within two weeks, a biologically relevant time interval.
INTRODUCTION
Trypanosoma cruzi, etiologic agent of Chagas disease, is transmitted by obligate hematophagous triatomine insects in the family Reduviidae (subfamily Triatominae) via the stercorarial route 1 . In Latin America, an estimated eight million people are infected with T. cruzi with approximately 60,000 new cases occurring annually, making it one of the most important vector-borne pathogens endemic to the region 14 .
Triatomine vectors have a wide geographic range spanning from the southernmost tip of South America to northern regions of the United States 9 . While a large number of potential vector species exist, the importance of a vector within a particular area depends greatly on the ecology of the setting. Triatoma infestans, for example, is arguably the most important domiciliary vector of T. cruzi. Alternatively, Rhodnius robustus, is considered a predominately sylvatic vector 5, 18 . For either of these examples, the vertebrate species in which they obtain a blood meal differs. In a sylvatic environment, wild animals act as main blood meal sources; risk of T. cruzi transmission to people is limited due to fewer encounters between infected vectors and humans. In the case of T. infestans, the peridomestic and domestic blood meal sources have included domestic dogs, chickens, goats, pigs, cows, domesticated guinea pigs, and humans 6, 7, 15, 16, 17, 21 . In domestic and peridomestic sites, vectors are more likely to feed on humans.
In previous studies, vertebrate blood meal sources for various Triatoma spp. included humans, domestic dogs, rabbits, sheep, opossums, pigs, multiple rodent and bat species, goats, chickens, guinea pigs, lizards, and other insects 2, 3, 11, 13, 16, 17, 23 . This list includes important T. cruzi reservoirs for the peridomestic cycle of Chagas disease, such as domestic dogs, guinea pigs, and humans 7, 10, 16, 17 . Chickens, along with all other avian species, are refractory to infection with T. cruzi. It has previously been shown that the presence of chickens in an area significantly decreases the number of infected vectors 22 . In contrast, the risk of human T. cruzi infection was four times higher if a domestic dog slept in the person's bedroom 4 . Other common animals such as pigs, chickens, and rodents may serve as blood sources for peridomestic Triatoma spp., as well as reservoirs of T. cruzi.
Determining the species of a vector's blood meal source, termed blood meal analysis, is an important tool for determining both the natural history of a vector species, and the ecology and epidemiology of a vector-borne disease such as Chagas disease. Traditionally, serologic techniques, such as immunodiffusion, double gel diffusion, and precipitin tests have been used to identify the animal species of a blood meal source 3, 11, 23, 24 . These assays require anti-sera against specific groups or species of animals. However, the anti-sera against many animal species are not readily available and challenging to generate. Thus, these techniques are not always ideal. Molecular techniques, including multiplex, heteroduplex, and traditional polymerase chain reaction (PCR) methods, that amplify 84 high copy-number gene targets, such as mitochondrial genes or repeat elements, are more specific, may have better detection limits, and can be more affordable and efficient 2, 13, 16, 17 .
Of the aforementioned techniques, species-specific PCR has been previously reported to have the highest sensitivity. While the specificity and sensitivity of these assays have been studied previously, the length of time blood meal source DNA remains detectable in the midgut of triatomine vectors has not been explored experimentally for most vertebrate species. In the present study, temporal differences and detection limits utilizing species-specific polymerase chain reactions were assessed for seven vertebrate species that are important in the domiciliary transmission of T. cruzi: Canis familiaris, domestic dog; Cavia porcellus, guinea pig; Gallus gallus, chicken; Mus musculus domesticus, domestic house mouse; Sus scrofa, domestic pig; and Homo sapiens, human. These species were selected because they are known as natural blood meal sources for Triatoma infestans in urban settings with active transmission of Chagas disease.
MATERIALS AND METHODS
Experimental design. Laboratory-reared third and fourth instar Triatoma infestans nymphs were used for all experimental feedings. Prior to use in the study, the triatomines were fed to repletion with chicken blood every two weeks through each developmental stage and maintained at 28 ºC with a relative humidity of 70-80%. Nymphs were starved for four weeks prior to the commencement of the study.
Triatomines were randomly separated into seven experimental groups of 20 each. For Canis familiaris, Cavia porcellus, and Gallus gallus, individual groups of nymphs were placed in a mesh cage and fed directly on the animals. For Mus musculus domesticus, Sus scrofa, and Homo sapiens, the nymphs were fed artificially through a membrane feeder(s). All animals were maintained in accordance with the guidelines of the animal use protocol approved by the ethics committee of Universidad Peruana Cayetano Heredia. For direct feeding, animals (one dog, two guinea pigs, and one chicken) were restrained while triatomine nymphs were allowed to feed for 30 minutes. Artificial feeding was carried out using blood obtained from animals and collected in tubes with ethylenediaminetetraacetic acid (EDTA) with the exception of blood from Sus scrofa, which was stored in sodium citrate tubes because of triatomine fatalities observed with other anticoagulants during a preliminary study. For this study, the triatomines were allowed to feed for 30 minutes. As the volume of blood taken up by each triatomine can vary, the triatomines were verified as repletion stage 4 to minimize potential differences in the volume of midgut content (MC) 12 .
On days 7, 14, 21, and 28 post-feeding, five T. infestans from each experimental group were collected and stored at -20 ºC until dissection for molecular analysis. MC were obtained via dissection and stored in Tris-EDTA (TE) buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) at a 1:10 ratio. A 100 µL aliquot of MC was washed with two volumes of lysis buffer (10 mM Tris HCl pH 7.6, 5 mM MgCl2, 10 mM NaCl), and centrifuged in an Eppendorf 5424 microcentrifuge (Eppendorf AG, Hamburg, Germany) at 15,800 x g for two min, and the supernatant was removed. The pellet was resuspended in 300 µL lysis buffer, SDS (sodium dodecyl sulfate; final concentration of 0.5%) and proteinase K (final concentration of 0.5 mg/mL; Invitrogen, Carlsbad, CA, USA). The sample was allowed to incubate overnight at 37 ºC and boiled for five min. DNA was extracted with phenol-chloroform-isoamyl alcohol (25:24:1) used at a 1:1 ratio with the sample and centrifuged 15,800 x g for five minutes. The first clean layer was collected and further extracted using chloroform-isoamyl alcohol (24:1) used at a 1:1 ratio. The extracted DNA was centrifuged for five min at 15,800 x g, and DNA was precipitated with two volumes of absolute ethanol and sodium acetate (pH 6), to a final concentration of 0.3 M after one hour at -70 ºC. The samples were centrifuged at 13,000 x g for 15 min, supernatant removed, and the pellet washed with 70% ethanol. After drying at room temperature, DNA was resuspended in 50 µL TE buffer and stored at -20 ºC until used in the PCR analysis.
Molecular analysis. Amplification of dog, guinea pig, mouse, pig, and chicken host DNA from the extracts from MC was achieved using previously published primer sets that target short interspersed nuclear elements (SINE) ( Table 1 , Fig. 1 ). The PCR-amplified products are specific for each host species, or family, as in the case of pigs 19, 20 . The PCR reactions contained 2 µL template DNA, 1 X Buffer containing 10 mM Tris HCl and 50 mM KCl (Invitrogen), 1. 20 . Next, a denaturation step at 95 ºC for five minutes followed by 35 cycles 95 ºC for one minute, 58 ºC for one minute and 72 ºC for one minute, with a final extension at 72 ºC for seven minutes (Table 1) . A negative control (PCR-grade water) was included in each set of extractions and PCR amplification as contamination controls. DNA extracted directly from the blood of each animal species was used as positive controls and also in serial dilutions to determine detection limits of each PCR. The quantification of DNA was determined by spectrophotometry using a Nanodrop 2000 instrument (Thermo Scientific, Delaware, USA). Products of PCR amplification were electrophoresed on 2% agarose gels and visualized by UV light transillumination after ethidium bromide staining.
RESULTS
PCR amplification at seven and 14 days post-feeding (DPF) was highly successful, with rates between 80 and 100% for each of the sets of five nymphs (Table 2) . Importantly, human, domestic dog, guinea pig, pig, and chicken DNA were also detected in at least 4 of 5 triatomines through 21 DPF. Even at 28 DPF, DNA from these animals was detected in at least one triatomine in each group fed on human, guinea pig, pig and chicken blood, and in five of five T. infestans fed on domestic dogs.
The detection limits for each species-specific PCR are described in Table 1 and Fig. 1 . Unexpectedly low detection limits (between 1 and 10 ng of DNA) for the mouse-specific PCR were detected for this protocol, and corroborated through PCR amplification of the MC of triatomines from the feeding study. The limits for detecting DNA of chickens were determined at 0.1 ng/PCR reaction. These findings did not always pair with our findings from the feeding study. For example, at 28 DPF Cavia porcellus
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Gallus gallus chicken DNA was detected in three of five triatomines. The PCR assays used for human, domestic dog, guinea pig, and pig DNA detected lower concentrations of DNA, between 0.001 ng and 0.1 ng of DNA (Fig. 1) .
DISCUSSION
In the present study, blood from six vertebrate hosts was used to determine the temporal detection of host DNA in the MC of T.
infestans. While previous studies have successfully identified acceptable methodologies and determined the sources of blood meals, experimental methods usually included sampling only up to four DPF 8, 16 . Methods using immunological approaches, such as a precipitin test, reported the identification of blood meals up to three months post-feeding 24 . A reliable evaluation of the efficacy of these methodologies for field studies requires that the time between the triatomine blood meal and capture be taken into account.
We assessed the limitations of blood meal analyses while taking into account temporal effects by testing blood-fed T. infestans at seven day intervals up to 28 days post-feeding. Although desirable, we did not extend our study period beyond four weeks due to our own observation of variable mortality among 3 rd and 4 th stage instars in colony, when subjected to starvation of five weeks or longer. This might have been related to the young age of the triatomines used in our study (3 rd and 4 th instars), compared to 5 th stage nymphs used in other studies 24 .
Our results showed that for humans, domestic dogs, guinea pigs, pigs, and chickens, DNA could be detected with high sensitivity (80-100%) through day 21 post-feeding with varying levels of success (20-100%) at day 28 post-feeding. For human PCR, our time course was significantly longer than that tested in the original methodology in mosquitoes 8 . In the previous study, human DNA could be detected from mosquitoes up to their final time point of 24-30 hours post-feeding compared to 28 DPF in this study. However, the volume of blood taken by a triatomine bug compared to a mosquito is much greater and would account for this variation in human DNA detection. Taken in conjunction with our detection limit results, in which 0.01 ng of DNA was necessary for detection, these findings suggest that this methodology would be a sensitive and efficient method for identifying the blood meal sources in Chagas disease epidemiology studies.
A previous study 16 utilizing the same guinea pig PCR protocol as in the current study found that 23% (8/34) of T. infestans collected 86 from guinea pig-inhabited areas were PCR positive after two months of maintenance, unfed, at ambient temperature 16 . In our study, guinea pig DNA was detected in 40% (2/5) of triatomines maintained until 28 DPF. Together these findings indicate that guinea pig DNA can be detected in T. infestans after extended periods of time post-feeding.
The PCR for mouse DNA was not highly efficient, as it had considerably higher detection limits than all other protocols. Thus, the detection of mouse DNA in MC only through 14 DPF could be a reflection of the lack of robustness of such test. These observations suggest that the PCR based on SINE targets for mouse DNA has limited value for blood meal analyses. This could be supported by a previous field study utilizing the same methodology where mouse DNA was not detected in the MC of triatomines 17 .
Chicken DNA was detectable in all triatomines up 21 DPF and 60% at 28 DPF. Considering that the average digestion time of a blood meal is approximately 14 days in T. infestans 1, 18 , it may be reasonable to consider that temporal differences in detection of host DNA in MC could also be a reflection of varying times in the digestion or degradation of DNA in the midgut of triatomines.
Importantly, the current study demonstrates that host DNA is detectable during the first 28 days after a blood meal from the midgut of T. infestans, a significant vector of T. cruzi. Future studies may also consider greater lengths of time between blood uptake and molecular detection, and the utilization of 5 th stage nymphs. These findings are of significant value because they allow one better understanding of the feeding habits or preferences of vectors, information that is important to understand the transmission of Chagas disease as well as exposure of susceptible hosts to vectors. Overall, blood meal analyses must be used in conjunction with data from epidemiological surveillance systems to accurately assess the risk of T. cruzi in an area.
RESUMEN

Diferencias temporales en la detección de fuentes de alimentación en el contenido intestinal de Triatoma infestans
Se utilizó pruebas PCR género o especie específicas para determinar la persistencia temporal de ADN del hospedero en el contenido intestinal de Triatoma infestans que fueron alimentados experimentalmente con sangre de seis vertebrados muy frecuentemente asociados a enfermedad de Chagas: humano, perro, cobayo, pollo, ratón, y cerdo. Se emplearon 20 ninfas de tercer y cuarto estadio por cada especie de hospedero. Fueron alimentados a saciedad y mantenidas en el insectario sin alimentación posterior. Se obtuvo el contenido intestinal de cinco triatominos por cada grupo a los 7, 14, 21 y 28 días post -alimentación, que fueron evaluados con los respectivos PCRs específicos. El ADN de todos los vertebrados fue detectado en al menos 4 de 5 ninfas evaluadas a los 7 y 14 días post -alimentación. El ADN de humano, perro, cobayo, cerdo y pollo fue detectado exitosamente (80-100%) hasta el día 21 y con menos éxito (20-100%) en el día 28. Estos resultados demuestran que PCRs específicos para cada especie de hospedero pueden identificar consistentemente la fuente de alimentación de T. infestans dentro de las dos semanas post -alimentación, siendo un intervalo de tiempo biológicamente relevante.
